Telomere maintenance is an essential characteristic of cancer cells, most commonly achieved by activation of telomerase. Telomeres can also be maintained by a recombination-based mechanism, alternative lengthening of telomeres (ALT). Cells using ALT are characterized by the presence of ALT-associated promyelocytic leukemia (PML) bodies (APB), long, heterogeneously sized telomeres, extrachromosomal telomeric circular DNA, and elevated telomeric recombination. Consistent with other reports, we found that liposarcomas containing APBs, but lacking telomerase expression, always contained C-rich circles (C-circles), and these C-circles were never present in the absence of APBs, indicating a tight link between these features in ALT cells. However, a rare subgroup of tumors showing evidence of telomere maintenance by both telomerase and ALT did not contain C-circles. To test the hypothesis that telomerase expression disrupts the tight link between APBs and C-circles, we used ALT cell lines that were engineered to express telomerase. Introduction of telomerase activity in these ALT cells resulted in, on average, shorter telomeres with retention of APBs. However, at high passage, the level of C-circles was significantly reduced, which was paralleled by a switch from C-strand overhangs to G-strand overhangs. We propose that by extending critically short telomeres in these cells, telomerase is disrupting a key step in the ALT pathway necessary for production and/or maintenance of C-circles. Mol Cancer Res; 11(6); 557-67. Ó2013 AACR.
Introduction
Activation of a telomere maintenance mechanism (TMM) is an essential step on the path to tumorigenesis, necessary to achieve replicative immortality and escape replicationinduced senescence due to telomere shortening (1) . The most common mechanism involves activation of telomerase, a specialized reverse transcriptase that uses an RNA template to add telomeric DNA de novo to chromosome ends (2, 3) . A second method, termed alternative lengthening of telomeres (ALT), uses a recombination-based method to extend critically short telomeres (4) . Activation of either pathway is sufficient to escape the telomere crisis induced by dysfunctional short telomeres, although in rare cases, evidence for both mechanisms can be found within a single tumor (5) (6) (7) . It remains unclear whether, in these cases, both mechanisms are active in a single cell or whether the tumor contains separate cells or regions using a single maintenance mechanism.
It is now well established that tumors of mesenchymal origin activate multiple TMMs (5) (6) (7) . Most studies classify these tumors into 4 categories: telomerase positive, ALT positive, having characteristics of both ALT and telomerase, and having characteristics of neither ALT nor telomerase. These studies characterized tumors using telomerase activity, sometimes combined with human telomerase reverse transcriptase (hTERT) expression, as the standard for telomerase positivity, whereas the presence of ALT-associated promyelocytic leukemia (PML) nuclear bodies (APB; ref. 8 ) is used as the standard for ALT positivity. Telomere length was found to be less characteristic of either telomerase or ALT, with overlap between tumors using one or the other mechanism (6) , although very long telomeres with a heterogeneous length distribution remain strongly suggestive of ALT. A significant fraction of sarcomas appears to maintain telomeres in the absence of either telomerase activity or detectable APBs; at least some of these tumors represent a minor form of APB-negative ALT, which like APB-positive ALT, shows increased telomeric recombination that is likely responsible for telomere maintenance in these cells (9) .
ALT-positive tumors contain extrachromosomal telomeric DNA, which exists as both single-stranded (either C-rich or G-rich) and double-stranded circular moieties (10, 11) . Double-stranded telomeric circles (t-circles) have been shown to result from telomere trimming (12) , a telomere length control process active normally in specialized cells with vigorous telomere elongation, such as germ cells (13) . The telomere trimming process has also been observed in telomerase-positive cells that have been experimentally manipulated to have ultra-long telomeres through forced overexpression of telomerase components (12) . Thus, t-circles are neither ALT nor cancer specific. A quantitative assay for the presence of single-stranded C-rich circles (Ccircles) has been described (11) ; these circles are not generated by the telomere trimming mechanism described above and seem to be ALT specific, not having been observed in either normal or telomerase-positive cells. C-circles have been observed in both APB-positive and APB-negative ALT cell lines (11) . However, the single APB-negative ALT cell line is a lab immortalized cell line with unique features that may not be representative of naturally arising APBnegative ALT (14) . Although C-circles seem ideal to serve as templates for rolling circle-based elongation of telomeres, there remains no clear evidence as to the exact role of these circles in ALT. In addition, the mechanism by which Ccircles are generated is unknown, although one model postulates a mechanism by which C-circles are generated from t-circles (15) .
In the process of characterizing telomere maintenance in a panel of liposarcomas, a type of soft-tissue sarcoma previously shown to activate both ALT and telomerase at appreciable frequency, we found, as expected, that C-circles were present in ALT tumors, defined by the presence of APBs. Unexpectedly, C-circles were not observed in tumors using both ALT and telomerase. To determine whether telomerase activity can suppress C-circles in APB-positive cells, we used ALT cell lines transfected with an hTERT overexpression plasmid (16) . In these cell lines, C-circles were observed to be eliminated at high passage, whereas both APBs and t-circles were retained. The loss of C-circles was paralleled by a switch from abundant C-strand single-stranded telomeric overhangs to predominantly G-strand overhangs suggesting a correlation between C-circles and C-strand overhangs. These data provide insight into the interaction of ALT and telomerase in single-cell populations that is relevant for telomere maintenance-targeted cancer treatment.
Materials and Methods

Tumors
Tumors were acquired from Fox Chase Cancer Center (Philadelphia, PA), MD Anderson Cancer Center (Houston, TX), and the Cooperative Human Tissue Network (Eastern, Midwestern, Western, and Pediatric divisions) under Institutional Review Board-approved protocols from all institutions. All tumors were deidentified before acquisition.
Cell culture
The PLS cell line (17) was cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM; high glucose) and F12 (Gibco) supplemented with 10% FBS (Gibco), 2 mmol/L L-Glutamine (Gibco), 1Â antibiotic/ antimycotic (Gibco; 100 U/mL penicillin, 100 mg/mL streptomycin, 0.25 mg/mL amphotericin B), and 1Â nonessential amino acids (Lonza). The LS2 cell line (18) was cultured in RPMI-1640 (Gibco) with 20% FBS, 1Â minimum essential medium (MEM) vitamin mix (BioWhittaker), 1Â insulin/transferrin/ethanolamine/selenium (ITES) (BioWhittaker), 1Â penicillin (100 U/mL)/streptomycin (100 mg/mL)/L-glutamine (292 mg/mL; Invitrogen), 1 mmol/L sodium pyruvate, and 1Â nonessential amino acids (Lonza). The LiSa2 cell line (19) was cultured in DMEM high glucose (Gibco) supplemented with 1Â penicillin (100 U/mL)/streptomycin (100 mg/mL)/L-glutamine (292 mg/mL; Invitrogen), 10% FBS (Gibco), and 25 mmol/L HEPES, pH 7.9. Three cell lines derived from dedifferentiated liposarcomas, Lipo224, Lipo246, and Lipo863 (gift of D. Lev; The University of Texas MD Anderson Cancer Center, Houston, TX), were cultured in DMEM high glucose (Gibco) supplemented with 1Â penicillin (100 U/mL)/streptomycin (100 mg/mL; Invitrogen) and 10% FBS (Gibco). Human immortalized ovarian surface epithelial cell (HIO) 107 and HIO 118 (20) were cultured in a 1:1 mixture of Medium 199 (Sigma) and MCDB 205 (Gibco) supplemented with 4% FBS (Gibco), 1Â penicillin (100 U/mL)/streptomycin (100 mg/mL)/L-glutamine (292 mg/mL), and 0.2 U/mL insulin (Novagen). hTERTexpressing clones constructed previously (16) were grown in the presence of hygromycin: HIO 107 (100 mg/mL) and HIO 118 (50 mg/mL). The PLS, LS2, LiSa2, Lipo224, Lipo246, and Lipo863 have been fingerprinted using the AmpFISTR Identifier PCR Amplification Kit (Applied Biosystems) following the manufacturer's recommendations. Absence of mycoplasma contamination for all cell lines was confirmed at regular intervals using PCR-based detection assays (Takara, Southern Biotech).
APBs
Indirect immunofluorescence to detect the telomerebinding protein TRF1 and the PML protein was done as described previously (20) . Slides were visualized on a Nikon A1 laser confocal microscope and images collected using Nikon Elements AR software. Optical sections (0.5 mm) were collected. Colocalization of TRF1 and PML signals was determined using the colocalization function in the Nikon Elements AR software package, restricting regions of interest to nonmetaphase nuclei and using a background threshold defined in non-nuclear regions to eliminate nonspecific background signal. A minimum of 50 nuclei were scored for each passage of each cell line. Comparisons of object number and intensity were evaluated for statistical significance using the Wilcoxon-Mann-Whitney test in the SAS 9.3 software package.
Telomere length
Telomere length was measured by quantitative PCR (qPCR; ref. 21 ). The control gene described in the original assay was not used for loading control as the results from this gene varied too greatly in our complex karyotype samples. Instead, DNA concentration for each sample was determined using the Quant-iT PicoGreen dsDNA quantitation assay (Invitrogen). Telomeric DNA was amplified and compared with a standard curve generated from a pooled human genomic DNA control sample (Promega). Relative telomere length was determined from the difference in calculated quantities of each sample compared with the pooled control.
TRAP
The telomere repeat amplification protocol (TRAP) was conducted as described previously (22) . Protein extracts were made in CHAPS buffer as described previously (23), and protein concentration was determined using the DC Assay (BioRad). All reactions were carried out with 0.1 to 1 mg of protein extract, with or without the inclusion of 0.5 mg RNase A. The sensitivity of reactions to RNase A was used to ensure that products were derived from the RNA-dependent telomerase.
hTERT TaqMan
Quantitation of hTERT mRNA expression, which was conducted for those samples where the TRAP was not informative, was carried out by TaqMan assay in an ABI 7500 real-time PCR machine using the DDC t method comparing the hTERT C t (assay Hs00162669_m1) with that of the 18S rRNA (kit 4308329). A total of 100 ng of total RNA, isolated using Qiazol lysis followed by the RNeasy Extraction Kit (Qiagen), was converted to cDNA using the High Capacity cRNA Reverse Transcription Kit (Life Technologies). cDNA reactions lacking reverse transcriptase were included to ensure that the RNA samples did not contain DNA contamination; samples for which this reaction produced an 18S C t less than 35 were treated with DNase using the DNAfree Kit (Ambion) and retested.
C-circle assay
The assay to quantify C-circles was conducted as described previously (11) . Briefly, DNA concentration was quantified using the Quant-iT PicoGreen dsDNA quantitation assay (Invitrogen). A total of 30 ng of each DNA sample was amplified by rolling circle replication, transferred to a nylon membrane, and probed with a 32 P-labeled oligonucleotide containing 4 tandem repeats of the C-rich telomeric sequence. Blots were exposed to a phosphor screen, scanned on a Storm 860 phosphorimager (GE Healthcare), and quantified using TotalLab 100 (Nonlinear Dynamics). For each sample, the calculated density was normalized to the average density of 3 ALT-positive liposarcoma-derived cell lines present on the same blot; reported values were normalized to the level of C-circles in the LS2 cell line.
Gel electrophoresis
Two-dimensional (2D) pulsed-field gel electrophoresis was carried out as described (15) using 5 to 10 mg of genomic DNA isolated using the DNeasy kit (Qiagen). For overhang analysis, samples were digested with RsaI and HinfI before being resolved in duplicate on 0.8% agarose/0.5Â Trisborate EDTA gels. Hybridization with telomeric probes was carried out as for 2D gels, with one gel receiving the (CCCTAA) 4 probe and the other receiving the (TTAGGG) 4 probe. The gels were subsequently denatured and rehybridized using the (CCCTAA) 4 probe. Densitometry for each lane on nondenatured and denatured gels was measured using TotalLab 100 (Nonlinear Dynamics) and the quantity of each overhang relative to total telomeric DNA in that lane was plotted using Microsoft Excel.
Results
A panel of 32 tumors, composed of 22 dedifferentiated and 10 pleomorphic liposarcomas, was characterized for common features of telomere maintenance by telomerase and ALT (Table 1) , including the presence of APBs, telomere length, telomerase activity by TRAP, hTERT expression, and the presence of C-rich single-stranded extrachromosomal telomeric circles (C-circles). For tumors uninformative for the TRAP assay, lack of expression of hTERT was used to classify them as telomerase negative because, by definition, cells that do not express the catalytic subunit of telomerase cannot have telomerase activity. Tumors that were uninformative for multiple assays, thereby defying definitive TMM classification, were not included in this study.
Of these tumors, 16 use ALT for telomere maintenance, as shown by the presence of APBs. These tumors (labeled ALT in Table 1 ) were confirmed to show either a lack of telomerase activity by TRAP and/or lack of hTERT expression by TaqMan assay. ALT-positive tumors tended to have longer average telomere lengths, although this characteristic was less specific to TMM as has been noted in previous studies (6) . Five tumors (labeled TEL in Table 1) show evidence of telomere maintenance by telomerase, as they have detectable telomerase activity and lack APBs. Telomere length in these tumors tended to be shorter than that in the ALT tumors, although there was overlap between the populations. Two tumors (labeled ALT/TEL in Table 1) represent the rarest category, showing clear evidence of both TMMs: detectable telomerase activity and the presence of APBs. Telomere length in these tumors fell within the region of overlap between the ALT and TEL tumors. The final 9 tumors in this panel (labeled UNK in Table 1 ) did not show clear evidence of telomere maintenance, being both APB negative and negative for telomerase as defined above.
The quantity of C-circles in each tumor was determined using an assay involving rolling circle amplification followed by slot-blot (11; Supplementary Fig. S1 ). All samples were normalized first to the average of 3 ALT-positive cell lines, and then presented as a percentage of the lowest of these ALT cell lines, LS2. Samples showing less than 2% of the LS2 level of C-circles were considered to be C-circle negative; this value represents the midpoint between the lowest value observed for an ALT-positive tumor and the highest value observed for a telomerase-positive tumor. All tumors with Ccircles (i.e., >2% of the level observed in LS2) also contained APBs and lacked telomerase (Fig. 1A and Table 1 ). This result is consistent with previous studies reporting that Ccircles are specific to ALT tumors (11) . However, 2 tumors (T15, T91) containing APBs were observed to lack C-circles; both of these tumors contained relatively short telomeres and were positive for telomerase activity, thus showing evidence of both ALT and telomerase. This suggests that either the short telomeres or the activity of telomerase within these cells disrupted the tight link between APBs and C-circles observed in other ALT-positive cells and tumors.
In previous work, we and others have noted that telomere length is not as robust an indicator of TMM as other features such as demonstrable telomerase activity or presence of APBs (5, 6, 9, 24) . This holds true in the tumors analyzed in this study in which there is significant overlap in the average relative telomere length, measured using a real-time PCR method, among groups using different TMMs (Fig. 1B) . Recent work has established that in germ cells and telomerase-dependent cells that have been manipulated to have ultra-long telomeres, the telomeres may be shortened through a process that generates double-stranded t-circles, but does not generate C-circles (12, 13) . One of the telomerase-positive cell lines used as a control in this study, derived from a dedifferentiated liposarcoma, shows evidence of this telomere-trimming mechanism: it has ultra-long telomeres (Fig. 1B, unfilled diamond) , lacks C-circles (Fig.  1A, unfilled diamond) , but does contain t-circles (Fig. 1C) . Thus, if C-circles are generated from t-circles then this process is specific to cells that have activated the ALT mechanism. It is formally possible that a different mechanism is responsible for production of t-circles in ALT cells and telomerase-positive cells, but it is clear that in both cases they are tightly linked to the long telomere phenotype. Notably, the 2 tumors containing APBs in the absence of C-circles had short telomeres compared with other APBpositive tumors (Table 1 ). This would be consistent with the generation of C-circles requiring the t-circles that arise from trimming of ultra-long telomeres as a substrate (15) .
To determine whether telomere length correlates with the level of C-circles in a given tumor, we plotted telomere length against the level of C-circles (Fig. 1D) . No correlation was observed (correlation coefficient ¼ 0.3), indicating that average length alone is not sufficient to predict the level of Ccircles. When tumors were divided into groups based on the presence or absence of C-circles and the presence of short (<1.8) or long (>1.8) telomeres, those tumors containing Ccircles tended to have long telomeres (correlation coefficient ¼ 0.55, data not shown). This result is consistent with the observation that C-circles are specific to ALT cells, which have, on average, longer telomeres than non-ALT cells that Figure 1 . A, the quantity of C-circles in tumors and cell lines, plotted as a percentage of that observed in the ALT-positive cell line LS2, and separated by TMM: ALT, TEL (telomerase), A/T (shows evidence of using both ALT and telomerase), and UNK (shows no clear evidence of either TMM). The sample-labeled control is a pooled human genomic DNA (Promega). The dotted horizontal line is the midpoint between the ALT tumor with the fewest C-circles and the TEL tumor with the most C-circles, and defines the cut-off level for C-circle positivity, which is only observed in cells that exclusively use ALT for telomere maintenance. All samples falling below the 2% cutoff are plotted at 1%, the highest value observed in a C-circle-negative sample. B, average telomere length in tumors and cell lines, relative to a pooled genomic DNA control (Promega) shows significant overlap in telomere length regardless of TMM. The unfilled diamond represents the telomerase-positive cell line Lipo246, in which the telomeres are much longer than typically observed in telomerase-positive cells. C, A 2D pulsed-field gel probed with a telomere-specific probe showing the presence of double-stranded extrachromosomal telomeric DNA (arrowheads) in both LiSa2 and Lipo246. D, a scatter plot comparing C-circle quantity with average telomere length in tumors shows no correlation between these characteristics (correlation coefficient ¼ 0.3). also lack C-circles. It is possible that any relationship between telomere length and C-circles was obscured by degradation of the highly sensitive C-circles (11) , given that some of the tumors in this panel have been frozen for many years, and for some the DNA preparations are equally old. A loss of C-circles in these older DNA samples would skew any attempt to relate C-circles to telomere length, which would not be noticeably affected. Fresh DNA preparations were made for 12 tumors for which additional material was available, and the resulting DNA was tested for both Ccircles and telomere length. No correlation between Ccircles and telomere length was observed even with fresh DNA (Supplementary Fig. S2 ; correlation coefficient ¼ 0.05), indicating that the lack of correlation in the complete panel does not result from C-circle loss due to aged DNA. Instead, the lack of correlation between telomere length and the amount of C-circles present in tumors raises the possibility that the absence of C-circles in tumors showing evidence of both ALT and telomerase may be due to telomerase expression.
To determine whether telomerase expression is sufficient to reduce C-circle levels, we used HIO cells transfected with the pBABE hTERT overexpression plasmid (ref. 16 ; Supplementary Figs. S3-S5). These cell lines and other ALT cell lines manipulated to have forced expression of telomerase, were previously reported to retain APBs in the presence of telomerase (16, 25, 26) and therefore provide an experimental model system in which to probe the relationship between telomerase and C-circles in an ALT-positive background. When observed within 100 population doublings (pd) of transfection, the hTERT-expressing clones show similar levels of C-circles to the parental cell lines, but after more than 250 population doublings, the C-circles are reduced to non-ALT levels; nontransfected parental cells retain a high level of C-circles at all passages tested over nearly 300 population doublings in culture ( Fig. 2A and B) . Telomerase activity in these cell lines was similar during the entire growth period monitored ( Supplementary Fig. S5 and data not shown). As noted in earlier studies using these cell lines, telomerase acts to extend the shortest telomeres in these cells. However, the ultra-long telomeres characteristic of ALT-positive cells, which should be subject to telomere trimming, are retained. Consistent with this, t-circles are retained although they are reduced relative to the level of tcircles in the parental cells ( Fig. 2C and Supplementary Fig.  S3 ). There is a noticeable decrease in the highest molecular weight telomeric species in the high-passage hTERT clone. These high-molecular weight telomeric species are also present in the telomerase-positive Lipo246 cell line with long telomeres (Fig. 1C) . The loss of these in the hTERTexpressing cells likely reflects a decrease in telomere length (see below and ref. 16 ) rather than changes in ALT-specific telomeric structures due to telomerase activity. These results indicate that hTERT expression is sufficient to suppress Ccircle formation in these cells before the loss of t-circles.
As noted in the tumors described above, the presence of Ccircles is tightly linked with the presence of APBs in ALT cells. To determine whether hTERT overexpression also affected APB formation, we used indirect immunofluorescence to detect the double-stranded telomeric-binding protein TRF1 and the PML protein ( Supplementary Fig. S4 ). Our earlier study quantifying APBs primarily distinguished between nuclei containing no APBs and those containing one or more APBs (16) . More recently, we have used a quantitative colocalization analysis that is more sensitive to changes in APB frequency within individual nuclei that could have been largely missed by the previous style of analysis. HeLa cells were used as a negative control for colocalization, as these cells use telomerase for telomere maintenance and have been previously reported to be APB negative (6) . In our colocalization analysis (Fig. 3) , the majority of HeLa nuclei fall into the lowest colocalization bins (<0.2). Two ALT cell lines derived from liposarcomas, LS2 and LiSa2, were used as APB-positive controls. The colocalization histograms for these cell lines are shallower and broader than that observed for HeLa (shown as a dotted line for comparison), indicating wide variation in the number of APBs per nucleus, with a greater degree of colocalization, on average, than observed in the APB-negative HeLa. Despite both containing high levels of colocalization, the histograms for the 2 cell lines show distinctly different patterns, indicating that, as observed with other ALT characteristics such as telomere length and C-circle quantity, APB frequency varies within different ALT cells. For HIO 107, the C6 hTERT clone at pd114 has a very similar APB distribution to that observed in the parental cells. At pd294, the HIO 107 C6 hTERT clone shows a TRF1-PML colocalization distribution similar to that observed in LS2, thus retaining a clearly ALT-like phenotype. For HIO 118, the A5 hTERT clone at pd110 shows an LS2-like TRF1-PML colocalization distribution; by pd257, the APB distribution has shifted toward the HeLa pattern. However, even at pd257, the colocalization of TRF1 and PML in the A5 hTERT clone remains high enough to be consistent with an ALT-like APB phenotype. The decrease in colocalization, as evidence by the shift toward the HeLa distribution, did not result from any decrease in the number of PML nuclear bodies, as both the HIO 107 C6 and HIO 118 A5 clones actually have larger numbers of PML bodies at higher population doublings than observed in the parental cells (Supplementary Table S1 , P < 0.0001 and P ¼ 0.023, respectively). Telomeric foci showed no difference in prevalence in the HIO 107 C6 clone at pd294 (P ¼ 0.12) but were reduced in the HIO 118 A5 clone at pd257 (P < 0.0001). Both hTERT clonal cell lines showed a reduction in TRF intensity (P < 0.0001) at both population doublings tested, consistent with the observed decrease in average length (Fig. 4) . Taken together, these data indicate that despite the reduction in telomeric signal due to shorter telomeres, APBs are retained in the hTERT clones at high-population doublings, even though by these high passages C-circles have already been effectively eliminated. These cell lines thus recapitulate the phenotype observed in the 2 tumors discussed above that showed both telomerase activity and the presence of APBs in the absence of abundant C-circles.
Normal cells and cells with telomeres maintained by telomerase typically contain single-stranded G-rich overhangs at the end of telomeres that invade the upstream double-stranded telomeric DNA to form the t-loop that sequesters the chromosome end. In contrast, ALT cells have been observed to contain C-rich single-stranded overhangs (15) . To determine the effect of telomerase activity on the strandedness of the telomeric overhang, we used in gel hybridization in nondenatured gels to visualize the singlestranded overhangs in parental and hTERT-expressing HIO cells (Fig. 5) ; subsequent denaturation and reprobing enabled visualization of total telomeric DNA for each sample. The control cell lines showed the expected patterns for their respective TMMs. LiSa2, an ALT-positive cell line, showed a wide telomere length distribution in the denatured gel, and showed predominantly C-strand overhangs in the nondenatured gels. In contrast, Lipo246, a telomerase-positive cell line, showed a tight telomere length distribution in the denatured gel, and almost exclusively G-strand overhang in the nondenatured gels. The HIO parental cell lines, which The number of population doublings undergone by the hTERTexpressing clones are shown. Average telomere length decreased with increasing population doublings in the hTERT-expressing clones. This is consistent with initial reports that telomerase preferentially acted on, and thus increased, short telomeres in the population.
are ALT positive, show wide telomere length distributions and the presence of both G-strand and C-strand overhangs, although the C-strand overhangs are more abundant. The introduction of hTERT into these cell lines not only causes a decrease in telomere length, as shown by qPCR and easily visualized in the denatured gel, but also a change in the overhangs. At high population doublings, both hTERTexpressing clones show almost complete loss of the C-strand overhangs and a noticeable increase in G-strand overhangs. As with the results of other assays discussed above, these results are consistent with the expected effects of telomere maintenance by telomerase in these cells.
Discussion
In this study, we have explored the relationship between telomere maintenance by telomerase and ALT. Previous studies had indicated that single-stranded telomeric circles are an identifying feature of ALT-positive cells (11) . We observed, however, that tumors showing evidence of both TMMs (e.g., telomerase-positive tumors with APBs) lacked C-circles, suggesting that telomerase activity in ALT cells disrupts the link between ALT and C-circles. To test this hypothesis experimentally, we used ALT cells that were transfected with a telomerase overexpression plasmid (16) , and showed that these cells lost C-circles at high passage while retaining APBs and double-stranded circles. Our results suggest that telomerase activity is sufficient to cause a loss of C-circles in ALT cells. We also observed changes in telomere length and single-stranded overhangs consistent with telomerase activity in these cells.
The absence of C-circles in tumors using both ALT and telomerase, as well as the loss of C-circles in the HIO cells after telomerase overexpression, provide insight into the relationship between the 2 TMMs. Previous studies have shown that both ALT and telomerase are able to produce double-stranded t-circles (10), yet only ALT cells contain single-stranded circles (11) . This suggests that ALT activation enables the creation of single-stranded circles via an undetermined mechanism that is clearly disrupted by telomerase activity, as these circles are lost when telomerase is active in these cells. Both telomerase and ALT act preferentially on short telomeres, but it may be that telomerase expression in an ALT cell acts to extend these short telomeres before their becoming short enough to trigger an ALT response. In this model, telomere attrition would slowly cause more telomeres to be substrates for telomerase, and this bypassing of ALT-mediated extension would lead to the loss of the ALT-dependent C-circles and a reduction in average telomere length as we observed in the HIO cells at high passage. Despite the lack of C-circles and the generally shorter telomeres, the high passage telomerase-overexpressing cells still retain APBs, consistent with retaining some ALT activity. As mentioned in the results, however, colocalization frequencies for TRF1 and PML indicate that the APB frequency has decreased by the latest passage tested; double-stranded circles also seem to have decreased in abundance. These data, then, are also consistent with a suppression of ALT activity by telomerase.
Suppression of ALT by telomerase in the HIO cell lines may not be sufficient to explain the lack of C-circles in the tumor samples. C-circles were retained, albeit at clearly 4, and 7) to a predominant G-strand overhang in the high population doubling hTERT clones (lanes 5, 6, 8, and 9). The amount of overhang relative to total telomeric DNA is shown in the plots below the overhang gels. Molecular weights are shown at left.
decreasing levels, for more than 200 population doublings in the hTERT-expressing clonal cell lines. This number of divisions would generally not be attainable by a small tumor, given that 200 population doublings starting from a single progenitor would give rise to a tumor containing 10 60 cells, far more than the estimated number of cells in the body (10 13 ). In this scenario, it is unlikely that the tumors in question had sufficient divisions to follow the same slow path to ALT inhibition followed by the HIO cells. Alternatively, some models of tumor growth suggest that only a subset of cells called tumor stem cells divides to give rise to additional tumor cells (reviewed in ref. 27) . If these models are correct, the small number of dividing cells within a tumor could undergo sufficient divisions to follow the TMM evolution observed in the HIO cells in culture, assuming a sufficiently high rate of cell death in the nontumor stem cell populations. Finally, it may be that additional factors important for telomerase regulation have a larger impact in the tumors, or perhaps that these tumors had weaker ALT phenotypes before activation of telomerase.
The exact mechanism by which C-circles are generated remains unclear. One model suggests that single-stranded circles may be produced via recombination between double-stranded circles and single-stranded telomeric overhangs (15) . This mechanism would require ALT-specific factors, as this process is not observed in telomerasepositive cells with double-stranded circles. Another possible model would involve the generation of single-stranded circles directly from the single-stranded overhangs at telomere ends (Fig. 6) . The mechanism by which this occurs would require, as does the previous mechanism, some ALT-specific factors, as single-stranded circles are not produced from the overhangs present in normal or telomerase-positive cells. In this model, the increased frequency and/or length of C-strand overhangs in ALT cells (15) would lead directly to C-circles by a process similar to telomere trimming; in essence C-circles are a consequence of telomere elongation by ALT. Both of the models described above may depend on the interplay between telomere length and the abundance of telomere-binding proteins; the increased telomere length in ALT cells may result in altered telomeric chromatin caused by insufficient telomere-binding proteins, thereby allowing telomeres to act as substrates for trimming and circle production. We observed that telomerase expression in the HIO cells led to a loss of both C-circles and C-strand overhangs; although these data do not clearly distinguish between the 2 models described above, they do support a link between telomere end structure and the production of C-circles.
Ultimately the ability to target telomere maintenance in ALT-positive tumors requires understanding the ALT mechanism. An unresolved question is the exact role of C-circles in ALT. If these circles are merely a result of hyperlong telomeres with C-strand overhangs, they may serve no direct role in telomere elongation by ALT. However, it is also possible that these circles serve as templates for a rolling circle-based mechanism of telomere elongation as has been observed in yeast (28) . If this mechanism is used in ALT, it would likely be in addition to, rather than instead of, a homologous recombination-based extension, as telomeres would first have to be extended to hyper-long lengths before serving as templates for production of either single-or double-stranded circles. Thus, the question of the role of C-circles in ALT is indivisibly linked to the mechanism by which these circles are generated. Figure 6 . Model for the production of single-stranded telomeric circles, primarily derived from the C-strand, in ALT-positive cells. Two steps in this model are ALT specific: (i) generating terminal C-strand overhangs and (ii) generating single-stranded circles from these overhangs, possibly through a mechanism similar to trimming of ultra-long telomeres observed in both ALT and non-ALT cells. Telomerase suppresses the ALT-specific activities that generate C-strand overhangs and single-stranded circles.
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